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Symbiosis constraints: Strong mycobiont control limits nutrient 
response in lichens


















Symbioses	 such	 as	 lichens	 are	 potentially	 threatened	 by	 drastic	 environmental	
changes.	We	used	the	lichen	Peltigera aphthosa—a	symbiosis	between	a	fungus	(myco-





acid	 concentrations	were	 twice	 as	 high,	while	 fungal	 chitin	 but	 not	 ergosterol	was	












Symbioses	 are	 defined	 as	 long-	term	 partnerships	 involving	 ex-
change	of	goods	and	division	of	labor	between	members	of	different	





free-	living	 life	 (Boyle	et	al.,	 2011).	The	benefit	of	 symbiotic	 cooper-








icant	 contribution	 of	 symbiotic	 organisms	 to	 these	 cycles	 (Douglas,	
2010;	Nash,	2008),	we	need	to	know	more	about	their	responses	to	
these	 stresses,	 such	 as	 the	 increase	 of	 reactive	 nitrogen	 (Nr)	 in	 the	
biosphere	(Bobbink	et	al.,	2010;	Fowler,	Pyle,	Raven,	&	Sutton,	2013).
Lichens	 have	 been	 defined	 as	 a	 mutualistic	 symbiosis	 between	
a	 single	 fungus	and	algal	and/or	cyanobacterial	 symbionts	where	 the	
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partners	are	more	or	less	tightly	integrated	(Honegger,	1991).	However,	
a	recent	discovery	suggests	that	lichens	may	also	involve	a	basidiomy-
cete	yeast	 located	 in	 the	upper	 cortex	 (Spribille	 et	al.,	 2016).	One	of	
five	fungi	or	c.	13	500	species	(ignoring	the	yeast)	is	lichenized	and	for	
a	majority	of	 these,	 symbiotic	 life	appears	 to	be	ecologically	obligate	
(Honegger,	2008).	The	majority	form	more	simple	crustose	structures,	
while	macrolichens	with	 their	 internally	 stratified	 thalli	 represent	 the	
most	 complex	 vegetative	 structures	 among	 fungi	 (Honegger,	 2008).	
About	90%	of	the	lichens	have	a	green	algal	symbiont	and	10%	a	cy-










Lichen	N	 concentrations	vary	 between	 1	 and	 50	mg/g	DW	and	
are	 highest	 in	 lichens	 with	 N2-	fixation	 (Palmqvist	 et	al.,	 2002;	 Rai,	
1988).	The	N	 concentration	of	 green	 algal	 lichens	 generally	 reflects	








N-	demanding	 “species”;	 critical	 loads	 being	 10–20	kg	N	ha−1 year−1 









gus	as	 the	N-	rich	amino	acid	arginine	or	 in	 the	cell	wall	component	
chitin	(Dahlman,	Persson,	Näsholm,	&	Palmqvist,	2003;	Gaio-	Oliveira	
et	al.,	 2005;	 Palmqvist,	 2000).	This	would	 be	 a	way	 for	 the	 host	 to	




the	 higher	 the	 thallus	 N	 concentration	 across	 species	 (Palmqvist	 &	
Sundberg,	2000;	Palmqvist	et	al.,	2002)	and	in	thalli	with	higher	algal	
concentration	within	species	(Dahlman	&	Palmqvist,	2003;	Palmqvist	





for	 details	 on	 thallus	 morphology,	 anatomy,	 and	 growth.	 However,	
some	studies	have	shown	that	the	fungus	of	some	lichens	may	rather	





The	 foliose	 lichen	 Peltigera aphthosa	 is	 a	 tripartite	 association	
with	green	algal	Coccomyxa	 sp.	and	cyanobacterial	Nostoc	 sp.	 in	ex-
ternal	 cephalodia.	 It	 has	 been	 studied	 extensively	 ranging	 from	 its	
N2-	fixation	and	N-	metabolism	characteristics	(Rai,	Rowell,	&	Stewart,	
1980,	 1981)	 to	 field	 (e.g.,	 Dahlman,	 Näsholm,	 &	 Palmqvist,	 2002a;	
Palmqvist	&	Sundberg,	2000;	Sundberg,	Näsholm,	&	Palmqvist,	2001)	
and	laboratory	(Alam,	Gauslaa,	&	Solhaug,	2015)	experiments	to	fol-
low	 and	 model	 (Dahlman	 &	 Palmqvist,	 2003;	 Hyvärinen,	 Härdling,	
&	Tuomi,	2002)	 its	performance.	P. aphthosa	 has	a	high	capacity	 for	
growth	compared	to	many	other	lichens	(Alam	et	al.,	2015;	Dahlman	
&	Palmqvist,	2003;	Palmqvist	&	Sundberg,	2000),	and	there	is	detailed	
information	 on	 the	 photosynthetic	 characteristics	 of	 its	 Coccomyxa 
symbiont	(Hiltonen,	Karlsson,	Palmqvist,	Clarke,	&	Samuelsson,	1995;	
Palmqvist,	1993;	Palmqvist,	Sültemeyer,	Baldet,	Andrews,	&	Badger,	
1995).	 It	 has	 a	 wide	 geographical	 distribution	 (Martinez,	 Burgazo,	
Vitikainen,	&	Escudero,	2003)	and	seems	able	to	maintain	a	balanced	
CNP	 stoichiometry	 (Elser,	 Dobberfuhl,	MacKay,	 &	 Schampel,	 1996)	
under	varying	nutrient	supplies	(Asplund	&	Wardle,	2015).	P. aphthosa 
can	further	handle	mild	N	stress	when	P	is	available	(Dahlman	et	al.,	
2002a;	Sundberg	et	al.,	2001).	P. aphthosa	 is,	 therefore,	a	good	can-







been	 specifically	 dealt	with	 since	 the	 functional	 significance	 of	 this	










2  | MATERIALS AND METHODS
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(Stomberget	 63°49′4	N;	 20°28′6E).	 The	 lichens	 were	 collected	 im-









assigned	 to	 five	 treatments	 (see	 below)	 in	 four	 blocks	 (10	 for	 each	
treatment	and	block);	20	were	stored	at	−18°C	to	be	used	as	Start.	All	
thalli	to	be	transplanted	were	sprayed	with	water	and	photographed	
and	 thereafter	 fastened	with	 a	 thin	 nylon	 thread	 on	 the	 underside	
of	a	cubic	“fruit”	basket,	a	7	×	7	×	7	cm	transparent	plastic	grid	with	
squared	 openings	 (0.8	×	0.8	mm).	 The	 transplantation	 baskets	were	





tory,	 rinsed	with	water	 to	 remove	 any	 remaining	 fertilizer	 solution,	
photographed,	dried	and	weighed,	and	thereafter	stored	at	−18°C.




20°14′3	 E)	 and	 had	 access	 to	 electricity	 for	 automated	 irrigation/
fertilization.	 Municipal	 drinking	 water	 was	 transported	 from	 Umeå	
and	stored	 in	1,000-	L	tanks.	The	ground	vegetation	of	small	shrubs	
and	mosses	was	 removed	 from	20	 circular	 patches	 (D	=	1.5	m)	 dis-
tributed	over	 the	 treatment	 area	 (20	×	30	m),	 randomly	 assigned	 to	
five	treatments	and	four	blocks;	un-	watered	control	(U),	irrigated	con-
trol	 (C),	 irrigation	with	0.037	mm	NaH2PO4·2H2O	(P),	 irrigation	with	









mentosa,	Lobaria pulmonaria,	and	Platismatia glauca	 (Johansson	et	al.,	
2011).	Treatments	were	in	this	way	also	significantly	more	intensive	
compared	 to	our	previous	N-	stress	 studies	of	P. aphthosa	 (Dahlman	
et	al.,	2002a;	Sundberg	et	al.,	2001).
A	4-	m	circular	 tube	equipped	with	 six	mist	nozzles	 (Micro-	Mist-	
Nozzle	1371,	Gardena/Husqvarna,	Malmö,	Sweden)	positioned	0.5	m	
above	 ground	 was	 attached	 to	 a	 water	 pipe	 (10–30	m),	 a	 1,000-	L	
tank,	 a	 garden	pump,	 and	 an	 automated	 system	 (Gardena	Watering	
Controller	4030,	Gardena/Husqvarna,	Malmö,	Sweden)	 to	distribute	
the	 irrigation/fertilization	 solution.	 Treatments	were	 initiated	 on	 25	



























2.3 | Growth, chemical analyzes, and subsampling 
for assays
Initial	weight	and	harvest	weight	of	all	thalli	measured	at	ambient	T	
and	 RH	were	 corrected	 to	 the	 oven	DW	 (see	 above)	 to	 determine	

















(2)RGR (g g−1 day−1)=
ln(DWharvest)− ln(DWstart)
Δt
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thallus	when	it	was	hydrated,	thereafter	oven	dried	and	weighed	
to	the	nearest	0.01	mg;	STW	expressed	as	g	DW	m−2	wet	area.





quantify	 chitin	 and	 ergosterol	 as	 in	 Dahlman,	 Zetherström,	
Sundberg,	Näsholm,	and	Palmqvist	(2002b);	c.	60	mg	was	dissolved	
in	2	ml	80%	EtOH	with	4	mm	Hepes	(pH	7.5)	to	extract	soluble	car-
bon	 (C)	 measured	 and	 quantified	 as	 in	 Palmqvist	 and	 Dahlman	
(2006);	c.	30	mg	was	used	for	determination	of	amino	acids	as	 in	
Persson	and	Näsholm	(2001).	Total	C	and	N,	and	C	and	N	stable	
isotopes	were	measured	with	 a	mass	 spectrometer	 at	 a	 certified	
laboratory	 (Department	 of	 Forest	 Ecology	 and	 Management,	
Swedish	University	of	Agricultural	Sciences,	Umeå,	Sweden).	This	
laboratory	also	determined	total	 thallus	P	concentration	after	ex-












Both	N	 and	 C	 isotopes	 are	 expressed	 and	 presented	 as	 their	 rela-
tive	 abundance	 in	 the	material	where;	δ13C	=	13C/12C	 isotopic	 ratio	






2.5 | Gas exchange and electron transport
Both	 CO2-	gas	 exchange	 and	 Pulse	 Modulated	 chlorophyll	 a 
Fluorescence	to	obtain	ETR	were	adopted	to	assess	the	lichens’	pho-
tosynthetic	performance.	The	gas	exchange	technique	also	yields	in-
















tion	 respiration	 as	discussed	 in	detail	 in	 Sundberg	et	al.	 (1999).	The	



















from	 three	 sections	 of	 each	 thallus	 (lobe	 tip,	 center,	 and	 between	
tip	and	center).	One	sample	for	chlorophyll	determination	while	the	
other	was	 embedded	 in	 Tissue-	Tek	OCT	 4583	Compound	 (Sakura	
Finetek,	 Torrance,	 CA,	 USA)	 to	 prepare	 thin	 cross-	sections	 as	 in	
Johansson	et	al.	(2011).	Ten	frozen	(−20°C)	and	20	μm	thin	sections	
were	 sliced	with	a	microtome,	 transferred	 to	glass	 slides,	 and	cov-









MD,	USA).	 Three	measurements	were	made	 from	 each	 photo	 and	
pooled	to	an	average,	and	the	three	averages	were	pooled	to	an	aver-
age	for	each	thallus.
2.7 | Isolation of Coccomyxa cells and cephalodia
The	alga	and	cephalodia	were	isolated	from	the	same	thallus	starting	
by	excising	as	many	cephalodia	as	possible	with	a	sharp	razor	blade,	
     |  5PALMQVIST eT AL.
excluding	 the	very	smallest	ones.	The	cephalodia	were	 freeze-	dried	
and	weighed	to	determine	their	mass	and	aliquoted	for	measurements	
of	 total	C	 and	N,	C	and	N	 stable	 isotopes,	 and	P.	For	P	we	had	 to	
pool	the	material	from	all	four	blocks.	Cephalodia	area	from	the	same	
thalli	was	determined	from	the	harvest	photographs	using	IMAGE-	J.	





80%	Percoll®	 gradient	 centrifugation.	The	 resulting	 suspension	was	
washed	 in	 Tween	 20	 and	 sonicated	 at	 40	kHz	 for	 1	min	 and	 again	








Differences	 between	 U	 and	 C	 for	 the	 estimated	 parameters	 were	

































cephalodia	 (Table	2).	The	N	 concentration	was	 c.	 40%	higher	 in	 the	
thalli	and	c.	25%	higher	in	the	alga	in	the	N	and	NP	treatments;	that is 
high-	N	compared	to	the	two	low-	N	treatments;	C	and	P	(Figure	1a–b).	
The	 alga	 had	 a	 c.	 twice	 as	 high-	N	 concentration	 compared	 to	 both	
cephalodia	 and	whole	 thalli	 in	 all	 treatments,	 and	cephalodia	 some-
what	 higher	 than	 whole	 thalli	 (Figure	1a–c;	 Table	 S3).	 The	 thallus	
amino	acid	concentration	was	doubled	in	high-	N	compared	to	low-	N	
(Table	2;	 Figure	1m),	 with	 the	 highest	 content	 in	 the	 combined	 NP	
treatment	at	October	harvest	(Figure	2;	Table	S3),	thus	increasing	sig-
nificantly	more	 than	 the	N	content	per	se.	Glutamine	was	 the	most	












of	 photographs	 taken	 before	 transplantation	 and	 after	 harvest	 also	
showed	that	all	N-	treated	thalli	had	been	greener	(not	shown)	strongly	




Table	 S3).	The	 higher	 chlorophyll	 concentration	was	 further	 a	 com-
bined	effect	of	a	thicker	algal	layer	(Figure	1p),	that is	more	algal	cells	
per	unit	thallus	area,	and	a	30%	higher	chlorophyll	concentration	per	




Variable F p df
δ15N	thallus 4.37 .035 7
Chitin	thallus 3.89 .047 7
Chlorophyll	thallus 4.07 .042 7
Cephalodia	weight 10.51 .042 3
Thallus	weight	change 19.31 <.001 7
Specific	thallus	weight 27.66 <.001 7
Data	shown	for	 responses	and	variables	when	the	two	treatments	were	
different	for	p ≤ .05.
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displayed	 a	 curvilinear	 relationship	 (Figure	4),	 so	 the	 algal	 layer	was	











δ13C	value	 of	 −8‰	 (see	 Farquhar	 et	al.,	 1989)	 and	 are	 in	 the	 same	
range	as	for	other	lichens	with	an	alga	lacking	a	photosynthetic	carbon	
accumulating	mechanism,	CCM	(Máguas	&	Brugnoli,	1996).
Phosphorus	 addition	 resulted	 in	 higher	 thallus	 P,	 N,	 ergosterol	
and	 amino	 acid	 concentrations,	 Ctot	 in	 the	 alga,	 and	 weight-	based	







N P NP Month Light





Thallus <.001 .020 .230 .139 —
Coccomyxa <.001 .161 .548 — —
Cephalodia <.01 .605 .082 — —
δ15N
Thallus .395 <.001 .325 .004 .001 
(−3.79)
Coccomyxa <.001 .161 .548 — —
Cephalodia .092 .023 .288 — —
Carbontot
Thallus .444 .776 .817 .447 —
Coccomyxa .120 .025 .670 — —
Cephalodia .021 .304 .176 — —
δ13C
Thallus .002 .220 .966 .306 .021 
(2.49)
Coccomyxa .012 .738 .871 — —
Cephalodia .009 .309 .854 — —
C:N
Thallus <.001 .027 .701 .701 —
Coccomyxa <.001 .389 .614 — —
Cephalodia .003 .801 .076 — —
Phosphorus
Thallus .334 .031 .692 .971 —
Ergosterol
Thallus .062 .047 .003 .413 —
Chitin
Thallus .008 .253 .134 .129 —
Aminoacids
Thallus <.001 <.01 .276 .106 —
Soluble	carbontot
Thallus .516 .202 .026 .757 —
Ribitol .725 .198 .893 .005 —
Mannitol	+	
arabitol
.668 .349 .012 .251 —
Chlorophylltot
Thallus <.001 .070 .803 .206 —
Coccomyxa .014 .463 .978 — —
Chlorophyll	a:b	ratio
Thallus .158 .039 .182 .618 —
(Continues)
Variable
N P NP Month Light




Coccomyxa <.001 .371 .275 — —
Algal	layer	
thickness
<.001 .333 .109 — —
Cephalodia	
weight
.001 .027 .505 — —
Cephalodia	
area
<.001 .427 .539 — —
Thallus	weight	
change














.613 .628 .760 .956 —
ETRmax .006 .036 .669 .518 —
The	table	shows	p-	values.	Light	was	excluded	as	a	covariate	 in	 the	 final	




thallus	 contents	 and	STW	when	 light	was	 included	 and	=	24	when	 light	
was	excluded;	the	residual	=	12	for	Coccomyxa	and	cephalodia,	and	=	151	
for	weight	 change.	 See	methods	 for	details	 on	experimental	 design	 and	
sampling	 of	 material	 for	 the	 different	 analyzes.	 Concentrations	 of	 the	
measured	 responses	and	variables	 from	all	 treatments	and	 the	 two	har-
vests	are	presented	in	Table	S3.
TABLE  2  (Continued)
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saturation	was	 reached	 slightly	 above	 200	μmol	m−2	s−1	 in	 all	 treat-
ments	(Figure	6).	The	average	dark	respiration	rate	and	light-	saturated	
net	photosynthesis	were	similar	across	treatments	and	harvest	month	
with	 respiration	 being	 substantially	 higher	 than	 net	 photosynthesis	
(Tables	2	 and	 S3).	 Both	 ETR	 and	 net	 photosynthesis	were	 lower	 in	
the	 lichens	at	 the	 time	of	collection	 in	May	compared	 to	harvest	 in	
September	and	October	irrespective	of	treatment	(Figures	6–7).	This	















and	 the	 gas	 exchange	 characteristics	 were	 further	 similar	 to	 those	
reported	 in	other	 studies	 (cf.	Dahlman	&	Palmqvist,	2003;	Dahlman	
et	al.,	2002a;	Palmqvist	et	al.,	2002;	Sundberg	et	al.,	2001).
4  | DISCUSSION
4.1 | Minor effects on nutrient status and whole 
lichen growth





N	content	was	 increased	 from	25	 to	35	mg/g	DW	by	 the	100-	fold	
increase	 in	 N-	exposure	 (Figure	1)	 which	 is	 still	 within	 the	 range	 of	
thallus	 N	 values	 in	 untreated	 P. aphthosa	 thalli	 (Asplund	 &	Wardle,	
2015;	Dahlman	&	Palmqvist,	2003;	Palmqvist	et	al.,	2002;	Sundberg	
et	al.,	2001).	This	is	in	contrast	to	other	lichens	during	similar	condi-
tions	where	 thallus	N	may	be	 threefold	 to	 fivefold	higher	 in	N	 fer-
tilized	compared	to	nonfertilized	treatments	(Johansson	et	al.,	2011;	





doubling	 in	 thallus	 chlorophyll	 concentration	 and	 a	 thicker	 layer	 of	
Coccomyxa	cells	suggesting	a	higher	growth	rate	of	the	alga	compared	
to	the	fungus	(Figures	1,	3–4;	Table	S3).
4.2 | Fungal control of N and C flows under 
natural conditions
The	 significantly	 higher	 algal	 concentration	 in	 the	 thalli,	 and	 N	
and	 chlorophyll	 concentrations	 per	 algal	 biomass	 (Tables	2	 and	
S3;	 Figures	1,	 3–4)	 agrees	 with	 previous	 studies	 that	 green	 algal	
symbionts	 may	 mainly	 be	 limited	 by	 N	 (Johansson	 et	al.,	 2011;	
Palmqvist	&	Dahlman,	2006).	This	also	confirms	earlier	 studies	of	a	
tight	 fungal	control	of	N	flow	from	cephalodia	 to	alga	 in	 this	 lichen	





plant	 compared	 to	 the	 fungus	 (Hobbie	&	Högberg,	 2012;	Högberg,	






discriminating	metabolic	 steps	 from	 cephalodia	 through	 the	 fungus	
to	the	alga	(Rai,	1988;	Rai	et	al.,	1980,	1981).	When	provided	by	an	
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external	N	source	the	alga	could	instead	shortcut	this	control	leading	






teria	on	 the	 thallus	 surface	even	 if	host	demand	 for	 internal	N	may	
have	been	decreased.	Another	explanation	is	that	the	fungus	favored	
the	 internal	 supply	and	 therefore	 retained	 its	N2-	fixing	partner,	 and	
continued	 to	 supply	 it	 with	 reduced	 C.	 Previous	 authors	 have	 dis-
cussed	whether	the	cephalodia	and	Nostoc	are	self-	supported	with	C	
or	not	(Nash,	2008).	Our	data	strongly	suggests	that	C	was	primarily	






the	cephalodia,	had	 they	been	more	autonomous	with	 respect	 to	C	
assimilation.






Rai,	 1988).	 The	 latter	 points	 to	 an	 association	where	 the	 alga	 also	
benefits	 from	 the	 “living	 together”.	 It	 is	 not	 surprising	 that	 the	 fun-






the	 fungus	 also	 shifted	 from	 internal	 (cephalodia)	 supply	 to	 the	 ex-
ternal	 source,	 as	 discussed	 above.	Nevertheless,	 the	 thallus	N	 con-
centration	was	 still	 higher	 in	 the	N-	fertilization	 treatments,	 and	 the	
amino	 acid	 concentration	was	 fourfold	 higher	 in	 the	 NP	 compared	







In	 contrast	 to	 previous	 studies	 of	 P. aphthosa	 showing	 a	 posi-
tive	 correlation	 between	 chitin	 and	 thallus	 N	 content	 (Dahlman	 &	
Palmqvist,	 2003;	 Sundberg	 et	al.,	 2001),	 this	 compound	 was	 de-
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This	 emphasizes	 that	 the	 fertilization-	induced	 amino	 acid	 synthesis	
indeed	was	a	significant	C	sink.
4.3 | Fungal access to C limited by increased algal C 
demand, light, and CO2 diffusion limitation
Based	 on	 previous	 observations	 within	 and	 across	 lichen	 species	
we	 expected	 increased	 photosynthesis	 as	 a	 result	 of	 an	N-	driven	








thalli	 (Tables	2	 and	 S3).	 However,	 P. aphthosa	 has	 a	 dense	 algal	
population	already	under	nonfertilized	conditions	absorbing	90%	of	
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of	the	lowermost	algal	cells.	This	lack	of	photosynthetic	response	to	
N	is	analogs	to	that	shown	for	Scots	pine	trees,	for	which	light	limi-
tation	obliterated	 the	potential	 effects	of	 an	N-	induced	enhanced	
photosynthetic	 capacity	 (Tarvainen,	 Lutz,	 Räntfors,	 Näsholm,	 &	
Wallin,	2016).
The	 denser	 and	 thicker	 algal	 layer	 (Figures	3–4)	 also	 resulted	
in	 a	 higher	 13C	 abundance	 (less	 negative	 values)	 (Tables	2	 and	 S3;	
Figure	1g–i).	This	could	be	the	result	of	increased	CO2	diffusion	lim-
itation	through	the	algal	 layer	and/or	 increased	competition	for	CO2 
between	the	algal	cells,	 resulting	 in	a	 lower	 internal	CO2	concentra-
tion	which	would	 lead	 to	a	 lower	discrimination	against	 the	heavier	
isotope	(Cowan,	Lange,	&	Green,	1992;	Farquhar	et	al.,	1989;	Máguas	
&	Brugnoli,	1996).	Previous	studies	have	shown	that	photosynthesis	





































equation,	y =	−0.57x	+	1.67,	where	R = x	and	NP	=	y; r2	=	.45.	
Regression	displayed	with	a	95%	confidence	interval
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tissue	 including	 lichens	 (cf.	Palmqvist,	 2000;	Palmqvist	 et	al.,	 2002).	
However,	we	did	not	find	such	a	relationship	in	this	study	(Figure	7).
Finally,	growth	of	the	 lichen	was	best	correlated	to	the	variation	































root	 allocation	 to	 reduce	C	costs	of	nutrient	uptake	 (Franklin	et	al.,	
2012).	Thus,	while	their	symbiotic	strategy	allows	lichens	to	conquer	
very	harsh	 environments,	 limited	 coordination	 among	partners	may	
limit	 their	 ability	 to	 utilize	 increased	 resource	 availability.	However,	
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